Introduction
In the past decades, phosphors have been intensively investigated because of their applications in laser materials 1 , displays 2 , light emitting diodes (LED) [3] [4] [5] , persistent luminescent materials [6] [7] [8] [9] etc. In these phosphors, the lanthanide (Ln) ions and 3d transition metal (3d-TM) ions are the most common luminescent centers. The locations of the electronic levels of these ions with respect to the host bands, e.g. conduction band (CB) and valence band (VB), are imperative for understanding the optical properties of phosphors and their relevant performance. For example, significant quenching would happen for d orbitals if the excitation states locate in the CB 10 , or the ground states in the VB 5 . In the persistent luminescent process, if the ground states are just above the VB, the corresponding ions could act as hole trapping centers 11 , and if the ground states are close to the CB, the corresponding ions may serve as electron trapping centers 9 . The energy transfer might happen if the defect levels of different ions are matched, typically Mn 4+ and Fe 3+5 . But how to determine or predict these level locations in compounds has always remained difficult.
The location of a lanthanide ion electronic ground state 4f n level in different compounds with respect to the VB may vary strongly. However, if the vacuum level is taken as the reference energy, these level locations show small and predictable variation with type of compound. The above finding is a result of the chemical shift model developed in 2012 by Dorenbos 12 . The level location with respect to the vacuum level is defined as the vacuum referred binding energy (VRBE). The double zigzag like shape of the VRBE curve that connect the 4f n ground state energies for La to Lu appears remarkably invariant with type of compound. This is very useful in predicting lanthanide impurity level locations in a given compound 13 . Whether the 3d n -TMs follow a similar invariant and therewith predictive curve is still an open question. Once the systematics is known it will aid in understanding and developing new 3d-TM doped 3 phosphors further [14] [15] [16] .
The 3d orbital electrons are more sensitive to the crystal field than the 4f orbital electrons, because 3d orbitals extend to the outside of the ion while the 4f orbitals are screened by outer shell 5s and 5p orbitals. Both the strength (depending on the type of the anion and bond lengths between the TM ion and the anion) and type (depending on anion coordination configuration) of the crystal field in the phosphors have large influence on the defect level energies. So, to obtain a universal rule of the VRBE of 3d-TM ions is expected to be a more difficult task than for the lanthanides. Luckily, in most of the 3d-TM doped phosphors, the crystal field experienced by the 3d-TM ions can be mainly classified into an octahedral, or tetrahedral crystal field. So, if we limit our consideration to one type of crystal field and to one type of anion, a common systematics of the VRBEs may be revealed.
In this work, we focus our attention on the VRBEs of the 3d-TM ions doped in the aluminates with octahedral crystal field. The compounds selected are α-Al 2 O 3 and Y 3 Al 5 O 12 (YAG), since experimental data of 3d-TM ions in these compounds are relatively abundant. Both the experimental data collection from literature and firstprinciple calculations are carried out. The results show that a common systematics of the VRBEs in the 3d n ground state of 3d-TM in the octahedral crystal field of those aluminates indeed exists. Finally, we attempt to extend these two curves to other aluminates with octahedral crystal field. The obtained zigzag like curve scheme provides us a tool to predict 3d-TM level locations in compounds and so offers a guideline value for understanding and developing new phosphors with target properties.
Method
Experimentally, we do not have tools to determine the VRBE of an electron in an impurity level routinely. We do have tools to determine energies with respect to the host bands. The energy of charge (electron) transfer (CT) between TMs and host bands can be probed by optical spectroscopy, and thermoluminescence may provide the depth 4 of an electron or hole trapped in a TM 17 . The CT band energy E CT (M,n) of M n+ (M represents one of the 3d-TM ions) in oxides is the energy needed for an electron to optically transfer from O 2-to M n+ , reducing M n+ into M (n-1)+ . Our calculated electronic structures of Al 2 O 3 and YAG show that the VB are dominated by the O 2-2p orbitals (see Fig. S1 in Electronic Supporting Information, ESI). E CT (M,n) describes the energy difference between the acceptor level of M n+ (denoted as M n+/(n-1)+ ) and the valence band maximum (VBM) 17 . Thus, the VRBE E(M,n-1) of an electron when in the acceptor level of M n+/(n-1)+ and E CT (M,n) satisfies the following formula:
where E V is the energy of the VBM (the vacuum level is taken as the reference 
where E(undoped) represents the total energy of the undoped compound and E (n-3) 
E VBM is the energy at the VBM as is offered by VASP, where the vacuum level is not the reference energy. This OTL energy describes the energy needed for an electron to transfer from the VBM to M n+ , resulting into the M ion in (n-1)+ state. So, the process underlying OTL ε f (M n+/(n-1)+ ) from first principle calculation should be physically the same to that of E CT (M,n) from optical spectroscopy. In the calculations of OTL ε f (M n+/(n-1)+ ), the structure of the initial state M n+ -doped compound is fully relaxed, and the final state M (n-1)+ -doped compound is calculated with the same structure to that of M n+ -doped compound 21 . For OTL ε f (M 3+/2+ ) (the upper curve in Fig.1 ), we find that except for Cr, the OTL decreases with the increase of the atomic number from Sc to Zn. This result is reasonable, since the OTL is related with the defect levels, which may inherit from the 3d orbitals of 3d-TM atoms. Like the 3 rd ionization potentials of the free TM atoms, the binding energy of the 3d electron in 3d-TM atoms decreases with the growing number of the nuclear charge. For Cr 3+/2+ , the OTL is about 1.2 eV higher than that of V 3+/2+ .
Results and discussions
As shown in Fig.S4 in ESI, V 3+ has two valence electrons in the spin-up low triplet states. The OTL ε f (V 3+/2+ ) describes the energy needed to transfer an electron from VBM to V 3+ ion. This electron should be accommodated in the spin-up low triplet states.
However, Cr 3+ ( Fig.S5 ) has three valence electrons that already fully occupy the spinup low triplet states, and so the electron from the VBM has to occupy either the spinup high doublet states or the spin-down triplet states (the OTL in these two cases are different by 0.043 eV). Obviously, this needs much more energy than in the case of V 3+ . This is why ε f (Cr 3+/2+ ) is about 1.2 eV larger than that of ε f (V 3+/2+ ). is that the ε f (M 4+/3+ ) decreases from Ti to Zn. The ε f (Mn 4+/3+ ) is more than 1 eV larger than ε f (Cr 4+/3+ ). Mn 4+ ion has like Cr 3+ three valence electrons, and the added electron has to occupy the higher energy doublet state. Also ε f (Ni 4+/3+ ) is higher than that of its neighbors. This can also be explained from the filling of the 3d-orbitals. As shown in Fig.S9 , the Ni 4+ has six valence electrons which fully occupy the low triplet states with both spin-up and spin-down. The added electron has again to occupy the higher energy doublet states.
Comparing the two OTL curves, one observes that when the lower curve is shifted leftwards by one element these two curves run nearly parallel, except for the data points of ε f (Ni 4+/3+ ) and ε f (Co 3+/2+ ). The reason is that similar 3d n configurations are now compared. For two M ions with the same electron configuration, the value for the lower curve is about 2.5 eV lower than that in the upper curve. This difference is a direct consequence of the higher ionic charge. Although both Ni 4+ and Co 3+ have six valence electrons, their electronic configurations are different. As shown in Fig.S8 and Fig.S9 in Fig. 1 (the triangle).
Considering the similarity of OTL ε f (M n+/(n-1)+ ) and CT band energies E CT (M,n), the VRBE E(M,n-1) is also computed from the OTL ε f (M n+/(n-1)+ ). The results are shown in Fig . 2 shows the VRBE curves of 3d-TM ions in YAG by using the experimental data listed in Table 1 and first-principle calculations. All the electronic structures are shown in ESI. In Fig. 2 , the OTL of ε f (M 3+/2+ ) and ε f (M 4+/3+ ) in YAG are represented by circle and square symbols, respectively, while the corresponding experimental acceptor levels are denoted as plus (+) and cross symbols (×). The VRBE is shown in Fig. 2 on the right side y-axis. The resulting ε f (Sc 3+/2+ ), ε f (Ti 3+/2+ ) and ε f (Cr 3+/2+ ) are inaccurate and the reason is discussed in part C of ESI. In Fig.2 , we adopt open symbols to distinguish ε f (Sc 3+/2+ ), ε f (Ti 3+/2+ ) and ε f (Cr 3+/2+ ) from other OTL. For the upper curve, the energy difference between the OTL of ε f (Fe 3+/2+ ) and ε f (Ni 3+/2+ ) agrees well with the experiments after the calculated OTL are shifted upwards by 0.656 eV. For more evidence, we also calculate OTL of Fe ions in tetrahedral site and the difference of ε f (Fe 3+/2+ ) at tetrahedral and octahedral sites is only -0.14 eV, while the CT of Fe ions in these two sites are experimentally the same 40 . For the lower curve, the calculated results are shifted upwards by 1.357 eV. Comparing Fig.2 with Fig.1 , we find the VRBE curves are very similar to each other. So, we replot these VRBE curves in Fig. 3 (Fig.5(b) ) which is more close to perfect. However, the VRBE of 3d-TM in these two compounds are very similar. These results imply that the distortion of crystal field has little influence on VRBE. Although the VRBE curve of 3d-TMs in YAG is similar to that in α-Al 2 O 3 , they are not exactly the same as seen in Fig.3 . The question then arises how to predict the VRBE of 3d-TMs in other aluminates with octahedral sites. Considering the relatively scarce CT data of 3d-TM in a specify aluminate, it is difficult to obtain a complete VRBE curve like α-Al 2 O 3 and YAG. Yet, to obtain the VRBE of a given 3d-TM ion on octahedral site in different aluminates seems to be feasible. Rogers and Dorenbos have reported that the VRBEs of Ti 4+/3+ in many different oxides fall within ±1 eV from the 13 mean value of -3.95 eV 49 . For Mn 4+ , Fe 3+ and Cr 3+ in oxides, we collected in Table 2 the CT band energies, and the corresponding VRBEs for Mn 4+/3+ , Fe 3+/2+ and Cr 3+/2+ are shown in Fig. 6 . For Mn 4+/3+ , the compounds cover aluminates plus the zirconate CaZrO 3 . The average acceptor VRBE value is -4.82 eV with a spread of ±0.8 eV. Since the O 2--Mn 4+ CT band is very broad and there is often a strong overlap between the 4 A 2g → 4 T 1g band and the CT band, it is difficult to determine the precise CT peak position. Table 2 as the VRBE of Fe 3+/2+ with a spread about ±0.4
eV.
The VRBE of Cr 3+/2+ locates at about -2.45 eV with a range of ±0.3 eV, as shown in Fig. 6(c) . This value does not cover β-Ga 2 O 3 and ZnGa 2 O 4 , since the acceptor level of Cr 3+ is very close to their conduction bands. So, it is difficult to distinguish the CT bands of Cr 3+ from the host absorption. In some literature 50, 51 , the host band absorptions of β-Ga 2 O 3 and ZnGa 2 O 4 were regarded as the CT bands as shown in Fig. 6(c) . In these cases, the actual VRBE value could be largely underestimated. Similar situation may happen for Sc 3+ -doped compounds 14 . Fig. 6(a, b) , respectively. The results are shown in Fig.7 and Thus, the VRBE curves in Figure 6 can be used to roughly predict the acceptor levels of 3d-TM ions on octahedral sites in a giving aluminate. In an attempt to arrive at a more accurate prediction of VRBE, we studied the fluctuation of the 3d-TM VRBE in different aluminates. The dashed line in Fig. 8 The relationship between the VRBE of Mn 4+/3+ and VBM could be understood from the molecular orbital theory. As mentioned above, the VRBE of the Mn ion is However, the OTL and CT energies still reflect the locations of acceptor levels induced by t* or e* orbitals. Although the contribution of the 3d orbitals of Zn to the t* and e* orbitals is negligible small, the energies of 3d orbitals still can be can be considered part of the t* and e* orbitals. So, we adopted like OTL(Zn 3+/2+ ) or E CT (Zn,3) to denote the corresponding OTL and CT bands, nominally.
Conclusion
In this work, we offer a method to predict the acceptor levels of 3d-TM ions in octahedral aluminates by constructing zig-zag like VRBE curves employing the experimental CT band energies of 3d-TM ions and by first-principle calculation. These curves offer a rough estimate about the acceptor level energies of 3d-TM ions with a spread of about ±1 eV. The estimation can be more accurate if we take molecular orbital theory into consideration without complicated calculations. Our work gives a vivid and quantitative explanation of how binding energy varies with the increase of n for 3d orbital electrons, and make it easier to estimate their doping levels in a specify compound. Those predictable levels are very useful in engineering the luminescent properties of 3d-TM activated phosphors. For the phosphors with tetrahedral sites, such as silicates, (oxy)nitrides, we speculate similar rules may exist from the view of the molecular orbital theory, but the shape of the zig-zag-curve should be different from that in octahedral site as shown in Fig. 7 . We need more experimental data to extract and verify them. This work is under way.
